1521-009X/12/4012-2256-2266$25.00
DruG METABOLISM AND DISPOSITION

Copyright © 2012 by The American Society for Pharmacology and Experimental Therapeutics

DMD 40:2256-2266, 2012

Vol. 40, No. 12
46979/3804610

Inhibition of Bupropion Metabolism by Selegiline: Mechanism-
Based Inactivation of Human CYP2B6 and Characterization
of Glutathione and Peptide Adducts

Chitra Sridar, Cesar Kenaan, and Paul F. Hollenberg

Department of Pharmacology, University of Michigan, Ann Arbor, Michigan

Received May 29, 2012; accepted August 30, 2012

ABSTRACT:

Selegiline, the R-enantiomer of deprenyl, is used in the treatment
of Parkinson’s disease. Bupropion, an antidepressant, often used
to treat patients in conjunction with selegiline, is metabolized pri-
marily by CYP2B6. The effect of selegiline on the enzymatic activity
of human cytochrome CYP2B6 in a reconstituted system and its
effect on the metabolism of bupropion were examined. Selegiline
was found to be a mechanism-based inactivator of the 7-ethoxy-
4-(trifluoromethyl)coumarin O-deethylation (7-EFC) activity of
CYP2B6 as well as bupropion metabolism. The inactivations were
time-, concentration-, and NADPH-dependent and were character-
ized by K| values of 0.14 and 0.6 uM, k;,,..; values of 0.022 and 0.029
min~’, and t,,, values of 31.5 and 24 min, respectively. In standard
inhibition assays, selegiline increased the K,,, of CYP2B6 for bu-

propion from 10 to 92 uM and decreased the k., by ~50%. The
reduced carbon-monoxide difference spectrum revealed over a
50% loss in the cytochrome P450 spectrum in the inactivated
sample, with no loss in heme, and there was ~70% loss in enzyme
activity. Trapping of the reactive metabolite using GSH led to the
identification of a GSH-selegiline conjugate with a m/z 528 that
could be explained by hydroxylation of selegiline followed by the
addition of glutathione to the propargyl moiety after oxygenation to
form the ketene intermediate. Liquid chromatography-tandem
mass spectrometry analysis of the labeled protein following diges-
tion with trypsin revealed the peptide ®*DVFTVHLGPR”® as the
peptide modified by the reactive metabolite of selegiline and the
site of adduct formation is Asp64.

Introduction

The cytochrome P450 (P450) enzymes are a superfamily of oxida-
tive enzymes that are involved in the metabolism of a number of
structurally diverse xenobiotics. In humans, total hepatic CYP2B6
content ranges from 2 to 10% of total P450 content (Stresser and
Kupfer, 1999). The enzyme is responsible for the metabolism of
approximately 3 to 8% of marketed pharmaceuticals, including bu-
propion, efavirenz, and cyclophosphamide (Chang et al., 1993; Fau-
cette et al., 2000; Hesse et al., 2000; Miksys et al., 2003). To
determine the role of specific P450s in the clearance of various drugs
and to prevent drug-drug interactions caused by the inhibition of
metabolic clearance, the prediction and identification of compounds
that act as mechanism-based inactivators have become an important
factor in the drug discovery process. Mechanism-based inactivation
has also been used to study the structure-function relationship of
individual P450 proteins because the active site residues on the
apoprotein modified by the reactive species can be identified and the
mechanisms by which activity is lost can be determined (Hollenberg
et al., 2008).
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Selegiline,  [(—)-(R)-N,a-dimethyl-N-2-propynylphenethylamine
hydrochloride)], is an optically active compound where the isomers
exhibit different pharmacological activities. The R(—)-isomer of sele-
giline, also called deprenyl, is used clinically for the treatment of
patients with Parkinson’s disease. The efficacy of the p(+)-isomer is
only 1/150 that of the R-isomer. The half-life of selegiline in humans
is ~0.15 h, and it is quickly metabolized to give desmethylselegiline
and methamphetamine, both of which can be further metabolized to
amphetamine as shown in Fig. 1 (Gerlach et al., 1996). Only R(—)
derivatives have been identified in the urine, plasma, and tissue
samples of animals treated with selegiline, indicating that no racem-
ization or inversion happened during metabolism (Magyar et al.,
1996). Selegiline is also a suicide inhibitor of MAO-B resulting in
irreversible inhibition of the enzyme. Selegiline first forms a revers-
ible noncovalent complex with MAO-B, and subsequent oxidation by
MAO-B leads to formation of a covalent bond with the FAD cofactor
of the enzyme (Gerlach et al., 1996). Selegiline is used alone or in
combination with levodopa in the treatment of Parkinson’s disease.
Levodopa is converted to dopamine, a natural substance that is needed
to control movement, thus rendering a therapeutic effect. The dopa-
mine is further metabolized by MAO-B, and selegiline prolongs the
anti-Parkinson effects of levodopa treatment by inhibiting MAO-B.
The products of metabolism of selegiline are amphetamine, N-meth-
ylamphetamine, and N-propargylamphetamine. The dealkylated me-

ABBREVIATIONS: P450, cytochrome P450; LC, liquid chromatography; MAO, monoamine oxidase; ESI, electrospray ionization; MS/MS, tandem
mass spectrometry; 7-EFC, 7-ethoxy-4-(trifluoromethyl)coumarin; HPLC, high-performance liquid chromatography; CYP2B6, cytochrome

P4502B6; amu, atomic mass unit.
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tabolites may undergo further hydroxylation at the para-position of
the benzene ring and on the alkyl group at the 3-position as shown in
Fig. 1.

Previous metabolism studies performed in vitro have shown that
CYP2B6 and CYP2C19 are the major enzymes responsible for the
metabolism of selegiline in human liver (Hidestrand et al., 2001;
Benetton et al., 2007). The involvement of CYP3A4 and CYP1A?2 in
selegiline metabolism in humans has also been suggested by Taavit-
sainen et al. (2000). We have previously demonstrated that selegiline
is a mechanism-based inactivator of rat CYP2B1. Kinetic parameters
for the inactivation of CYP2B1 were determined. Our studies dem-
onstrated that inactivation occurred because of protein destruction
rather than heme damage (Sharma et al., 1996). Selegiline has been
shown to be a mechanism-based inactivator of CYP2A6 and inhibits
the metabolism of nicotine in humans and mice (Siu and Tyndale,
2008).

Bupropion is an antidepressant drug that is used for the treatment of
patients with Parkinson’s disease. Clearance of bupropion occurs
through hydroxylation and CYP2B6 has been identified as the major
enzyme catalyzing this metabolic reaction (Ascher et al., 1995).
Limited studies have been performed concerning the impact of bu-
propion use in patients with Parkinson’s disease given the wide use of
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this drug as a pharmacotherapy in people with Parkinson’s disease. In
this study, we have investigated the metabolism of bupropion in the
presence and absence of selegiline. During these studies, we found
that selegiline is also a mechanism-based inactivator of CYP2B6. The
study provides evidence for the formation of a ketene intermediate
during P450-mediated bioactivation of selegiline that could be trapped
in the presence of GSH in the reconstituted system. LC-MS studies led
to identification of an adduct that revealed the mass of the reactive
intermediate responsible for the loss of the enzymatic activity. Trypsin
digestion of the selegiline-modified protein revealed that selegiline is
first hydroxylated by CYP2B6, and then it binds covalently to the
Asp64 of the P450 leading to its inactivation. The mechanism-based
inactivation of CYP2B6 by selegiline may have significant neuropsy-
chopharmacological implications for patients with Parkinson’s dis-
ease being treated concomitantly with bupropion or other drugs me-
tabolized primarily by CYP2B6.

Materials and Methods

Materials. Selegiline, catalase, GSH, urea, and NADPH were obtained
from Sigma-Aldrich (St. Louis, MO). 7-Ethoxy-4-(trifluoromethyl)coumarin
(7-EFC) was obtained from Invitrogen (Carlsbad, CA). Trypsin was obtained
from Promega (Madison, WI). All other chemicals were of highest quality
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available from commercial sources. Amphetamine and methamphetamine were
generously donated by Dr. James H. Woods (Department of Pharmacology,
University of Michigan).

Protein Purification. CYP2B6 was expressed in Escherichia coli C41 DE3
cells and purified according to published protocols (Hanna et al., 2000). P450
reductase was purified as described previously (Hanna et al., 1998).

Inhibition of Bupropion Metabolism by Selegiline. CYP2B6 was recon-
stituted with reductase at a ratio of 1:2 on ice for 45 min, with a final
concentration of 1 uM P450 and 2 uM reductase. The reconstituted mixture
was then diluted to a volume of 3 ml with 0.5 M potassium phosphate buffer,
pH 7.4, catalase (100 units), and water. The mixture was then divided into two
portions. One portion received selegiline (12 uM), and the other did not. Both
of them were then measured in aliquots, and the samples received increasing
concentrations of bupropion (40-400 uM). NADPH was added to initiate the
reactions at a final concentration of 1.2 mM, and the reaction mixtures were
incubated at 30°C for 30 min. The methods for incubating and determining
product concentrations were followed as described in by Bumpus et al. (2005).
Nonlinear regression analyses of the data were performed using Prism version
5.00 (GraphPad Software Inc., San Diego, CA).

Inactivation of CYP2B6 by Selegiline. CYP2B6 (0.5 nmol) was reconsti-
tuted with reductase (1 nmol) on ice for 45 min with a final concentration of
0.8 uM P450 and 0.16 uM reductase. The reconstituted mixture was diluted to
a volume of 500 ul with 0.5 M potassium phosphate buffer, pH 7.4, catalase
(100 units), and water. The samples received increasing concentrations of
selegiline (0.1 to 10 uM), with water added to the control samples, and they
were then equilibrated at 30°C for 5 min. NADPH was added at a final
concentration of 1.2 mM to initiate the reactions. At 0, 2, 5, 10, and 14 min,
9-pmol aliquots of the sample were transferred into secondary mixtures con-
taining 100 uM 7-EFC, 1 mM NADPH, and 40 pg/ml bovine serum albumin
in 50 mM potassium phosphate buffer, pH 7.4. The secondary reactions were
incubated for 10 min and stopped by the addition of 334 ul of acetonitrile. The
amount of 7-hydroxy-(4-trifluoromethyl)coumarin formed was measured using
a Victor II fluorescence plate reader (PerkinElmer Life and Analytical Sci-
ences, Waltham, MA), with excitation and emission wavelengths of 405 and
505 nm, respectively. The kinetic constants were calculated by linear regres-
sion using Prism (version 5; GraphPad Software Inc.). The addition of bovine
serum albumin was based on the studies of Buters et al., 1993. For the
inactivation of the CYP2B6-catalyzed metabolism of bupropion by selegiline,
5 nmol of CYP2B6 was reconstituted with 10 nmol of reductase to give a final
concentration of 0.9 uM P450 and 0.18 uM reductase. The samples received
increasing concentrations of selegiline (0.1-25 uM) and were equilibrated at
37°C for 5 min before the initiation of the inactivation reaction by the addition
of NADPH. At 0, 2, 5, 8, and 10 min, 212-pmol aliquots of the sample were
transferred into the secondary solution containing 200 uM bupropion, 50 mM
potassium phosphate buffer, pH 7.4, 100 units of catalase, and 1.2 mM
NADPH. The reaction mixtures were incubated at 37°C for 30 min. The
methods for the incubation and determination of product formation were
followed as described by Bumpus et al. (2005). Linear regression analyses of
the data were performed using Prism version 5.0 (GraphPad Software Inc.).

Spectrophotometric and HPLC Analysis of Heme Remaining. Recon-
stitution and inactivation of P4502B6 by selegiline were carried out as de-
scribed above. After a-15 min incubation, a portion of the reconstituted
mixture (control and inactivated samples) was injected into a C4 column
(250 X 4.6 mm; Phenomenex, Torrance, CA) equilibrated with 30% acetoni-
trile containing 0.1% trifluoroacetic acid. The mobile phase consisted of
solvent A (0.1% trifluoroacetic acid in water) and solvent B (0.1% trifluoro-
acetic acid in acetonitrile). The HPLC system was equipped with a Shimadzu
Detector (SPA-M20A), Shimadzu pumps (LC 20 AB), and a Shimadzu au-
tosampler (SIL-20 AC HT; Shimadzu, Kyoto, Japan). The samples were
resolved using a linear gradient from 30% to 90% B over a 45-min period at
a flow rate of 1 ml/min. The effluent was monitored at 405 nm for intact heme.
The remaining portions of the samples were used to determine the reduced CO
spectra. The samples were bubbled with CO, sodium dithionite was added, and
the reduced CO spectra were recorded between 400 and 500 nm on a DW2
UV-visible spectrophotometer (SLM Aminco, Urbana, IL) equipped with an
OLIS operating system (On-Line Instrument System, Inc., Bogart, GA). The
absorbance difference between 450 and 490 nm was used to assess the extent
of CO binding and heme remaining in the P450 samples.
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Metabolite Identification by LC-ESI/MS. Metabolite identification was
accomplished by LC-ESI/MS. The wild-type and mutant P450 enzymes were
reconstituted with reductase (1:2) and catalase and diluted to 550 ul with 0.5
M potassium phosphate buffer, pH 7.4, as described above. Each enzyme
mixture was divided into two portions that received either 50 uM selegiline
and water (control) or selegiline and NADPH. The samples were incubated at
30°C for 30 min. Two hundred and fifty microliter aliquots of 8% (w/v)
sodium bicarbonate, pH 10, and 50 ul of acetic acid were added after 30 min
to stop the reactions. The reactions were extracted twice with 2 ml of ethyl
acetate. The organic phases were pooled, and 2 ul of dimethyl sulfoxide were
added to each sample to facilitate the extraction of amine products. The
samples were then dried under nitrogen and redissolved in 50% acetonitrile.
The selegiline metabolites were separated using LC-ESI/MS on a LCQ classic
Thermoquest mass spectrometer (Thermo Fisher Scientific, Waltham, MA)
coupled to a Hewlett Packard 1100 series HPLC system. Metabolite separation
was accomplished using a C8 reverse phase column (Zorbax 5 um, 4.6 X 250
mm; DuPont, Wilmington, DE). The mobile phase consisted of 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B), with a flow rate of
0.3 ml/min. Initial conditions were 30% B followed by a linear increase to 90%
B in 20 min and then held at 90% B for 10 min before returning to equilibration
conditions. The mass analyzer conditions were as follows: sheath gas (100
arbitrary units), auxiliary gas (40 arbitrary units), spray voltage (3 kV),
capillary temperature (230°C), and capillary voltage (3.5 V).

In Vitro Trapping of the Reactive Metabolite with GSH. The reaction
mixture for trapping and identifying the reactive intermediate contained 0.25
nmol of recombinant purified CYP2B6 and 0.5 nmol of reductase, 50 units of
catalase, and 10 mM GSH in 50 mM potassium phosphate buffer, pH 7.4, in
a final volume of 200 ul. The final concentration of selegiline was 25 uM. The
reaction was initiated with 1.2 mM NADPH, with control samples receiving
the same volume of water. The reaction samples were incubated at 37°C for 45
min, and the reactions were terminated by the addition of 5 volumes of
acetonitrile. The reaction mixtures were centrifuged at 13,200g at room tem-
perature for 10 min. The supernatants were transferred to new tubes and dried
under a stream of nitrogen gas. The residues were suspended in 50% aceto-
nitrile in water and injected onto the LC/MS for further analysis. HPLC
separation of the GSH adducts of selegiline was carried out using a Phenome-
nex Luna C18 reverse phase column (4.6 X 100 mm; Phenomenex). The flow
rate was 300 ul/min. For HPLC-ESI-MS/MS analysis, initial conditions were
95% of 0.1% (v/v) acetic acid in water (solvent A) and 5% of 0.1% acetic acid
in acetonitrile (solvent B). The percentage of B was maintained for 5 min
followed by linear gradient to 30% B from 5 to 15 min, to 80% B from 15 to
35 min, and to 90 from 35 to 40 min. The column was returned to initial
conditions and equilibrated for 10 min before the next injection. ESI-MS/MS
was carried out using a Thermoquest LCQ ion trap mass spectrometer (Thermo
Fisher Scientific) interfaced with a Hewlett Packard 1100 series HPLC system
(Hewlett Packard, Palo Alto, CA). The sheath gas was set at 80 arbitrary units,
and the auxiliary gas was set at 15 arbitrary units. The spray voltage was 5 kV,
and the capillary temperature was 180°C. Data were acquired in the positive
ion mode using the Xcalibur software (Thermoquest Corporation, Manchester,
UK), with two data dependent scans on the first two most intense ions.

Identification of the Selegiline Modified Site on the P4502B6 Apopro-
tein. The protein mixture contained 1 nmol of P4502B6 and 2 nmol of
reductase in a volume of 500 ul. The final concentration of selegiline was 12 uM.
Control samples were incubated with selegiline in the absence of NADPH. The
inactivation of P4502B6 was carried out as described above. After incubation
for 30 min at 37°C, the control and the selegiline-inactivated samples were
denatured by adding urea to give a final concentration of 8 M and then
incubated at 55°C for 30 min followed by dilution with 50 mM ammonium
bicarbonate to a final volume of 7 ml (to reduce the concentration of urea). The
samples were then concentrated using Amicon Ultracentrifuge filter devices
(Millipore Corporation, Billerica, MA) at 4°C. The sample volumes were
concentrated to 75 ul. The samples were subsequently reduced with 5 mM
dithiothreitol at 60°C for 30 min. Trypsin digestion was carried out using a
1:20 trypsin/protein ratio. The samples were incubated overnight in a shaking
water bath at 37°C. The reactions were terminated by addition of 1 ul of 10%
trifluoroacetic acid, and the digested samples were centrifuged at 13,000g in an
Eppendorf centrifuge (Eppendorf North America, New York, NY) for 10 min.
The supernatants were used for a LC-MS/MS analysis.
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The LC/MS analysis was performed using a Shimadzu LCQ-Deca XP
ion-trap mass spectrometer equipped with a Shimadzu LC-10AD HPLC sys-
tem (Shimadzu). Chromatographic separation of the tryptic peptide samples
was carried out using a C18 column (Jupiter 150 X 2.00 mm, 5 micron;
Phenomenex). The mobile phase consisted of 0.025% trifluoroacetic acid,
0.025% formic acid in water (solvent A) and 0.025% trifluoroacetic acid, and
0.025% formic acid in acetonitrile (solvent B). The flow rate was 0.3 ml/min.
Initial conditions were 10% B, and the proportion of solvent B was increased
from 10% B to 35% B over 45 min and then to 90% B over 90 min. The
column was washed with 90% B for 10 min before returning to the initial
conditions and equilibrating the column for 15 min at the initial conditions.
The instrument was operated in positive electrospray ionization mode with the
following parameters: activation time of 30 ms, activation Q of 0.3, and the
normalized collision set at 35%. The dynamic exclusion width was set at 1.5.
The mass spectrometer was operated with the capillary temperature of 210°C
and a capillary voltage of 2 V. The analysis was performed in the data-
dependent acquisition mode in which a full scan was recorded over the mass
range of 150 to 2000 followed by collision-induced dissociation of the six most
abundant ions. Data acquisition and analysis were performed using both
Xcalibur software (version 1.2; Thermoquest) and SEQUEST Bioworks
(Thermo Electron).

The peptides were identified automatically using the SEQUEST BioWorks
computer program, which correlated the experimental tandem mass spectra
with the theoretical tandem mass spectra from the amino acid sequences for the
2B6 peptides obtained from the National Center for Biotechnology Informa-
tion sequence database. The following criteria were applied for filtering the
results: peptides were identified on the basis of XCorr values, which were set
at 2.0, 2.2, and 3.75 for single-, double-, or triple-charged ions, respectively,
and Sp values >400 and 600 for singly and doubly charged ions. XCorr is the
cross correlation score between the actual and the predicted MS/MS spectrum.
The Sp value indicates the preliminary score of the peptide and shows the
number of fragment ions matched out of the total number of fragment masses
for the peptide. Peptides that had a probability score <1.0 X 10~* were not
considered, and sequence assignments were based on selecting the peptide that
displayed a ACn greater than 0.1 (ACn is the relative difference between the
correlation score for the top matching peptide and the second best matching
peptide). In addition, manual inspection of the peptide identifications from the
MS/MS spectrum was performed to ensure that the major MS/MS fragmen-
tation peaks matched the theoretical peaks.

Results

Inhibition of Bupropion Metabolism by Selegiline. Figure 2
shows the rates of formation of hydroxybupropion by CYP2B6 in the
presence and absence of selegiline as a function of increasing con-
centrations of bupropion. Hydroxybupropion formation was measured

-~ +selegiline
& - selegiline

24

T 1 1 1
0 100 200 300 400
Bupropion Conc (pM)

nmol OH-bupropion/nmol P450/min

Fig. 2. Kinetics for the hydroxylation of bupropion by CYP2B6 in the presence and
absence of selegiline. Samples were reconstituted with (12 uM) or without the
addition of selegiline and incubated with bupropion ranging in concentration (Conc)
from 40 to 400 uM. HPLC analysis and quantitation were performed as described
under Materials and Methods. The data represent the means * S.D. from two
different experiments with duplicate samples.
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Fic. 3. Time- and concentration-dependent inactivation of CYP2B6 by selegiline.
A, purified recombinant CYP2B6 reconstituted with reductase was incubated with
various concentrations of selegiline and NADPH (1.2 mM) at 30°C. Aliquots of the
mixture were taken at the time intervals indicated and added to a secondary mixture
for the determination of residual 7-EFC O-deethylation activity as described under
Materials and Methods. The concentrations of selegiline used were 0 (@), 0.01 (H),
0.05 (A) 0.1 (V), 1 (#),2(O),5(+), and 10 uM (X) done in duplicate. The data
show the mean = S.D. from three different experiments. The inset shows the rate
for the time-dependent decrease in the 7-HFC formed at the various concentration
of selegiline. B, the reaction mixtures were incubated without (@) or with 0.1 (H),
0.5 (A), 1 (¥), 1 (#),5 (O), 10 (), and 25 uM (A) selegiline for the times
indicated in the presence of NADPH, and then aliquots were removed and assayed
for the formation hydroxybupropion as described under Materials and Methods. The
inset shows the double-reciprocal plot for the initial rate of inactivation of hydroxy-
bupropion formation as a function of the concentration of inactivator. The data
shown represent the mean = S.E. from three experiments.

by integrating the area under the peak and comparing to a standard
curve generated by injecting different amounts of authentic hydroxy-
bupropion on the HPLC column. The K, of the wild-type enzyme for
bupropion metabolism (10 uM) is identical to the previously reported
value of 10 uM (Bumpus et al., 2005). In the presence of 12 uM
selegiline, the K, value increased by 9-fold to 92 uM. Selegiline also
decreased the k_,, value for bupropion by 50% from 2.6 to 1.30 nmol
hydroxybupropion/nmol P450/min. The change in the apparent K,
value indicates that selegiline decreases the apparent affinity of
CYP2B6 for bupropion, whereas the decrease in the k., is probably
the result of irreversible mechanism-based inactivation of bupropion
hydroxylation activity (Fig. 3B) by selegiline that could not be over-
come by high concentrations of bupropion. With respect to the cata-
lytic efficiency, the presence of 12 uM selegiline decreased the k_, /k,,,
ratio by 19-fold.

Inactivation of P4502B6 by Selegiline. In the presence of selegi-
line, a time-, concentration-, and NADPH-dependent inactivation of
the 7-EFC O-deethylation activity of CYP2B6 was observed in the

cat
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Fic. 4. Effect of selegiline on the reduced CO spectrum and the heme remaining as measured by HPLC. A, portions of the control and selegiline inactivated samples were
bubbled with CO in the presence of dithionite, and the reduced CO spectra were monitored between 400 and 500 nm on a spectrophotometer. Abs, absorbance. B, the control
and selegiline inactivated CYP2B6 samples were injected onto a C4 column, and the areas under the heme peaks at 405 nm were integrated to calculate the heme loss.
The inactivations and analyses were performed as described under Materials and Methods.

reconstituted system. Pseudo-first-order kinetics were observed for
concentrations ranging from 0.1 to 10 uM as seen in Fig. 3A. The
kinetic constants were determined from the double-reciprocal plot of
the inverse of the initial rate of inactivation as a function of the
reciprocal of the selegiline concentration (Fig. 3A, inset). Under our
current experimental conditions, the kinetic constants describing the
inactivation of CYP2B6 were characterized by a K; of 0.14 uM, a
Kipaer Of 0.022 min~', and the ¢,,, for inactivation of 31.5 min. A
significant decrease in the 0 time activity was observed with increas-
ing selegiline concentrations, suggesting that selegiline inhibits 7-EFC
O-deethylase activity in a competitive manner. Selegiline was also a
mechanism-based inactivator with respect to bupropion metabolism as
shown in Fig. 3B. The kinetic constants describing this inactivation
were characterized by a K; of 0.6 uM, k, of 0.029, and ¢,,, of 24
min.

Spectrophotometric and HPLC Analysis of Heme Remaining.
The 7-EFC O-deethylation activity of CYP2B6 in the reconstituted
system containing purified CYP2B6 and NADPH-reductase de-
creased by 70% after incubation with 10 uM selegiline for 20 min in
the presence of NADPH. As shown in Fig. 4A, the loss in activity was
accompanied by a 30% loss in the reduced CO spectrum of the
enzyme. The red line is for the control sample following reduction by
sodium dithionite in the presence of CO, which is higher than the pink
line, which represents the inactivated sample in the presence of CO.
Evidence that the heme moiety itself was neither modified nor de-
stroyed was obtained from reverse-phase HPLC analysis where the
heme was monitored at 405 nm (Fig. 4B). Virtually no differences in
the retention times or areas of the heme peaks were observed between
the control and selegiline-inactivated CYP2B6. The loss in the re-
duced CO spectrum, with no loss in total heme as measured by HPLC,

inact

suggests that binding of the selegiline or its metabolite causes a
change in the conformation of the protein and thus may affect the
binding of CO to the reduced P450. Similar changes in reduced CO
binding, with no loss in heme, have been seen before with other
mechanism-based inactivators.

Metabolite Identification by LC-ESI/MS. Metabolism of selegi-
line by CYP2B6 was assessed in a reconstituted system. LC-ESI was
used to determine the metabolites formed by CYP2B6 when selegiline
was incubated with the P450 in the presence of NADPH. The LC-ESI
mass spectra of the individual [MH™] ions are shown in Fig. 5. Figure
5A shows the extracted ion chromatograms for the parent and the
various metabolites, and Fig. 5B shows the MS spectrum of the
associated [MH™] m/z spectra of the respective metabolites generated
by the metabolism of selegiline when incubated with CYP2B6. Un-
changed selegiline eluted at 17 min, with a protonated molecular ion
[MH™] at m/z 188. The mass spectrum of the MH™ ion at m/z 188
gave fragment ions at m/z 119 and 91 (data not shown). The peaks at
16.64 and 15.95 min gave molecular ions at m/z 174 and 150,
indicating that selegiline undergoes N-demethylation to yield N-des-
methylselegiline (m/z 174) and N-depropargylation to methamphet-
amine (m/z 150). Both metabolites then undergo further demethylation
to yield amphetamine with an m/z of 136 and with a retention time of
15.52 min. Small amounts of some secondary metabolite were also
detected, eluting at 16.92 min, with an m/z of 190, which is p-
hydroxydesmethylselegiline (data not shown).

In Vitro Trapping of the Reactive Metabolite with GSH. The
electrophilic reactive metabolite generated by incubating selegiline
with CYP2B6 in the reconstituted system in the presence of NADPH
was trapped using the nucleophilic trapping reagent GSH and ana-
lyzed by LC/MS. The GSH adduct exhibited a molecular ion at m/z
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528, which corresponds with the addition of the glutathionyl moiety
(307 amu) and two oxygen atoms to the parent compound (221 +
307). Figure 6A shows the extracted ion chromatogram from a reac-
tion mixture in which reconstituted CYP2B6 was incubated with
selegiline in the presence of NADPH and GSH. The peak eluting at
approximately 25.81 min with an m/z of 528 was seen only in samples
with NADPH. The peak with m/z 528 corresponds to a GSH adduct
generated by trapping an electrophilic intermediate of selegiline
formed by CYP2B6. Figure 6B shows the MS/MS fragmentation for
the ion with m/z 528. Loss of glycine (—75 amu) and pyroglutamate
(—129 amu) residues from the parent ion led to fragment ions at m/z
453 and 399, respectively. This characteristic loss of glycine and
pyroglutamate residues is diagnostic in confirming the formation of
GSH adducts. The fragment ion with m/z 435 is from the loss of the
glycyl moiety + water. The product ions at m/z 510 and 381 are from
the loss of water from the adducted GSH adduct and the 399 fragment
ion. The fragment at m/z 296 is from the combined loss of glycine +
glutamate + CO. The ion at m/z 253 is derived from cleavage of the
carbon-sulfur bond between the GSH moiety and the hydroxylated
selegiline leading to the retention of sulfur on the hydroxylated
selegiline. The exact position where the hydroxylation occurs could
not be determined from the MS/MS spectrum. Furthermore, whether
the oxygen added to the triple bond is transferred to the terminal or the
internal carbon atom could not be determined from the fragmentation
pattern. It has been reported that insertion of an oxygen atom at the
internal or terminal acetylenic carbon results in heme or protein
modification, respectively (Ortiz de Montellano and Komives, 1985).
Because we do not see heme loss, the insertion of oxygen possibly

occurs at the terminal carbon. The fragmentation pattern for the major
ions observed in the MS/MS spectrum of the GSH-selegiline adduct is
shown in Fig. 6C. Control incubations using only the inhibitor in the
absence of NADPH did not show the formation of this adduct.
Identification of the Selegiline Modified Site on the P4502B6
Apoprotein. CYP2B6 that had been inactivated by incubation with
selegiline was digested with trypsin and analyzed by LC/MS. Sequest
Bioworks 3.2 software was used to determine the peptide fragment
and the amino acid modified by the inactivator. The Sequest search
showed sequence coverage of 81% for the modified 2B6. Analysis of
the tryptic digests revealed only one peptide having the sequence
DVFTVHLGPR as the peptide that had been modified during the
inactivation of 2B6 by selegiline. The Sequest search resulted in a
doubly charged peptide with an m/z 681.12 as the precursor ion and
the singly charged peptide with an m/z 1361.24. The mass of the
unadducted peptide in the control sample was 1140.6 (data not
shown), indicating that the adducted peptide exhibited a mass increase
of 220 Da. The site of adduction was localized to aspartic acid 64 as
demonstrated by the 220 shift between the observed b, ion in the
inactivated sample and the calculated b, ion based on the sequence
and the observed b, ion in the —NADPH sample (data not shown).
The mass of the parent peptide, [MH ] is 1140.67, and the adducted
peptide is 1361.246. Figure 7 shows the spectrum of the doubly
charged [M+H]*" ion at m/z 681.12 from the selegiline-modified
peptide, indicating the expected b and y ions due to fragmentation and
an increase of 220 for the aspartic acid residue at position 64. Several
of the singly charged fragment ions of both y and b ions were
observed in the MS/MS analysis. The fragment ions included the
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following: m/z 272.17 (y,™"), 329.19 (y;*"), 442.28 (y,*"), 579.34
(ys™1), 678.40 (yo 1), 779.45 (y; 1), 926.52 (yg 1), 1025.59 (yo ™),
435.10 (b, 1), 582.17 (bs™h), 919.35 (bs™ "), 1032.43 (b,*'), and
1089.45 (bg " 1). In addition, several B* (B-NH), Bo (B-H,0), Y*
(Y-NH,), and Yo (Y-H2) ions were identified. These data suggest
that the modification of the peptide occurred at the N terminus on the
Asp64 residue. In the Sequest search, the modified peptide was
identified with a probability of 9.8 X 107¢, and the XCorr value was
3.145 for a doubly charged ion. The Sp value, which indicates the
preliminary score of the peptide, was 742. The RSp value, which
indicates the ranking of the match during Sp scoring, was 1. Manual
interpretation of the MS/MS spectrum to verify the identification of
labeled peptide was done using Xcalibur software. A peptide with a
mass of 1361 was not seen in control samples of P4502B6 that were
incubated with selegiline in the absence of NADPH and digested with
trypsin (data not shown). Although our studies only detected and
identified a single amino acid residue, this does not preclude the
possibility that one or more other residues in CYP2B6 may have been
modified, which may have eluded detection by our techniques.
Structural Analysis of the Effect of Modification of Asp64 in
CYP2B6 by Selegiline. The recent high-resolution crystal structure of
CYP2B6 at 2.0 A (PBD code 3IBD) allowed us to determine the
potential structural effects of formation of an adduct of Asp64 by a
reactive intermediate of selegiline on the three-dimensional structure
of CYP2B6. Specifically, Asp64 is located in the periphery of
CYP2B6 (Fig. 8B), approximately 24 A away from and coplanar with
the heme iron. It is surface-exposed and present in a loop between
helix A and the [, , sheet (Gay et al., 2010). According to the
CYP2B6 crystal structure, the carboxyl group of Asp64 is within

hydrogen bonding distance of Arg59 (Fig. 8C), and chemical modi-
fication of Asp64 by selegiline may impair this intermolecular inter-
action and compromise the secondary or tertiary structures of
CYP2B6, thus leading to a loss in the catalytic activity of CYP2B6.

Discussion

Selegiline, used in the treatment of Parkinson’s disease, belongs to
the class of drugs called phenethylamines and has a propargyl group
(Knoll and Magyar, 1972; Fowler et al., 1981). It is estimated that up
to 47% of patients with Parkinson’s disease develops depression and
requires antidepressant drugs (Dooneief et al., 1992) such as bupro-
pion. One of the objectives of this study was to assess the potential for
drug-drug interactions associated with the use of the combination of
selegiline and the antidepressant bupropion that is also metabolized
primarily by CYP2B6. Our findings here show that CYP2B6 pro-
duced the formation of the hydroxylated product of bupropion at a rate
that significantly changed in the presence 12 uM selegiline (1.39
min~") or absence of selegiline (2.6 min~"). In addition, metabolism
of bupropion by purified CYP2B6 shows that, in the presence of
selegiline, the K, for bupropion increases approximately 9-fold com-
pared with that in the absence of selegiline. Thus, our results demon-
strate that the &, /K ,, value for bupropion in the presence of selegiline
was 0.014, which was 19 times lower than in the absence of selegiline
(0.26), indicating that apparent K, values make a significant differ-
ence in the catalytic efficiency of the enzyme to metabolize bupropion
(Fig. 2). Selegiline also inactivated the 7-EFC O-deethylation activity
of CYP2B6 and acted as a mechanism-based inactivation of bupro-
pion metabolism as measured by the decreasing rates of formation of
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hydroxybupropion with time of incubation as shown in Fig. 3, A and
B, respectively.

Bupropion has been shown to be an indirect dopaminergic agonist
and is also used in the treatment of patients with Parkinson’s disease.
It is also used to treat nicotine dependence and act as an antidepressant
(Cooper et al., 1980; Lerman et al., 2003). Selegiline, a drug to treat
Parkinson’s disease, also acts by inhibiting the uptake of dopamine

and has also been used as an antidepressant and a smoking cessation
drug (Fowler et al., 1981; George et al., 2003). Although bupropion is
contraindicated in conjunction with monoamine oxidase inhibitors
(Foley et al., 2006), studies by Ritter and Alexander (1997) have
assessed the safety of combining selegiline with various antidepres-
sants, including bupropion. On the basis of adverse reactions reported
with the various antidepressants, bupropion was the first choice in

CYP2C9 TSNS S KV YEGEPEVEER TS IR YAEE G AL A

CYP2C19 LTNLSKIYGPVFTLYFGL

CYP2C8 ET NES:K VY G'PV.ET VY EGM

CYP2E1 FTRLAQRFGPVFTLYVGS Fic. 8. A, alignment of the amino acid se-

CYP2A6 LMKI SERYGPVFTIHLGP quences of members of the CYP2 family in
the region corresponding to amino acid res-

CYP2D6 FDQLRRRFGDVFSLQLAM idues 54 to 72. The sequence alignment was
obtained from the database at http://bioin-

CYP2B6 FLRFREKYGDVFTVHLG P formatics.charite.de/supercyp/. B, PyMol-

f

generated cartoon representation of the
CYP2B6 crystal structure (Protein Data
Bank code 3IBD) showing the location of
Asp64, which is the site identified for the
covalent modification by selegiline. Asp64
is located in the periphery of the protein,
approximately 24 A away from the heme
(shown in red). C, Asp64 is located in a
loop between helix A and the B, , sheet.
The carboxyl group of Asp64 forms a hy-
drogen bond with the primary amine of
Arg59. Covalent modification of the car-
boxyl group of Asp64 by a reactive metab-
olite of selegiline may impair formation of
this hydrogen bond and lead to a loss in
CYP2B6 structural integrity.
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combination with selegiline. However, a report by Richard and Kurlan
(1997) indicates that 51% of the time physicians use selective sero-
tonin reuptake inhibitors as the first line of therapy for depression
followed by tricyclic antidepressants (41%) and other drugs such as
bupropion (8%). This confirms that there is uncertainty regarding the
efficacy of antidepressant therapy in patients with Parkinson’s dis-
ease. Although the mechanism of action of selegiline is not fully
understood, it is presumed to be linked to potentiation of monoamine
neurotransmitter activity in the central nervous system resulting from
its inhibition of MAO-B activity. Human brains obtained at autopsy
from selegiline-treated patients showed approximately 80% inhibition
of MAO-B activity (Riederer et al., 1978). MAO-B is involved in the
oxidative deamination of dopamine in the brain and selegiline binds to
MAO-B within the nigrostriatal pathway, thus preventing the metab-
olism of dopamine and enhancing the dopaminergic activity in the
patients with Parkinson’s disease. The evidence that selegiline and its
metabolites can cross the blood-brain barrier comes from postmortem
analysis of human brain tissues in patients with Parkinson’s disease
who have been treated with selegiline (Gerlach et al., 1996). Reynolds
et al. (1978) also showed higher concentrations of amphetamine and
phenylethylamine in Parkinson brains following administration of
deprenyl. In the brain, CYP2B6 is expressed in neurons and glial cells
in the hippocampus, cerebellum, caudate nucleus, and putamen (Mik-
sys and Tyndale, 2002), and the highest levels of MAO (both A and
B) activity are found in caudate nucleus and putamen. This report
establishes that metabolites of selegiline can be formed by CYP2B6 in
a reconstituted system. Selegiline undergoes demethylation to form
N-desmethylselegiline, which further undergoes hydroxylation to
form hydroxydesmethylselegiline. It also undergoes N-depropionyla-
tion to form methamphetamine. Both these primary metabolites may
undergo further metabolism to form amphetamine as shown in Fig. 1.
A small amount of phenylethylamine was also detected during me-
tabolism by 2B6 (data not shown). It has previously been shown that

[ CH,
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_—~CH
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SCHEME. 1.

Pathway for the bioactivation of selegiline to the
reactive intermediate that was trapped with glu-
tathione. The species considered to be the reac-
tive intermediate is the monohydroxylated sele-
giline that reacts with GSH following the
formation of the ketene moiety.

ketene intermediate
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MAO-B has an affinity for phenylethylamine and is selectively in-
hibited by low concentrations of selegiline (Riederer and Youdim,
1986). Phenylethylamine has been shown to induce the release of
dopamine in both in vitro and in vivo experiments (Paterson et al.,
1990), and thus, the increase in phenylethylamine concentration may
inhibit the reuptake of dopamine, thereby enhancing the effect of
selegiline (Paterson et al., 1990; Gerlach et al., 1996).

The lack of heme loss during inactivation by selegiline in our
studies indicates that selegiline forms a covalent adduct with the
apoprotein of the CYP2B6. The NADPH-dependent GSH adduct was
observed using LC-MS and exhibited an m/z 528. We propose that the
mechanism for the formation of the 2B6-selegiline adduct involves
initial hydroxylation of the selegiline followed by oxidation of the
acetylenic group to give a ketene intermediate with subsequent nu-
cleophilic attack by GSH at the ketene as shown in Scheme 1.
Although LC-MS has been a useful tool in characterizing GSH
adducts, there are limitations in obtaining complete structural infor-
mation on the breakdown of the adduct, and the exact position of the
hydroxylation on the aromatic ring of selegiline could not be deter-
mined from the MS/MS spectra. CYP2B6 was incubated with sele-
giline in either the presence or absence of NADPH and analyzed by
LC-ESI/MS to determine the change in mass of the adducted protein.
Even though the unmodified enzyme could be readily observed by
LC-ESI/MS and its mass was determined from the deconvoluted
spectrum (data not shown), we have not been able to detect the
adducted protein formed by the reaction of selegiline with CYP2B6 in
the presence of NADPH, presumably because the modified CYP2B6
aggregates under LC-MS conditions, making it difficult to deconvo-
lute the resulting multiple ionization envelopes.

However, LC-MS and Sequest analysis of the tryptic digest of the
modified protein revealed that the peptide DVFTVHLGPR (positions
64-73 in the sequence) was the tryptic peptide modified by the
reactive metabolite derived from selegiline and that the site of adduct
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formation was Asp64. The position of the Asp64 residue is on the
periphery of the 2B6 structure in the loop between helix A and the
B,_, sheet as shown in Fig. 8B. The distance between the Asp64 and
the prosthetic heme is approximately 24 A in the 2B6 structure.
Recent reports indicate that substrates may bind to the enzyme in
multiple orientations and that ligand binding produces conformational
changes in P450s that may involve changes in the hydrogen bond
interactions between the heme and the protein (Chen et al., 2004). A
report on the crystal structure of 2C9 with warfarin bound reversibly
in the active site indicated that an aspartic acid residue (Asp293) is
involved in hydrogen bonding with Arg59 (Williams et al., 2003). In
addition, the volume of the active site may change significantly upon
binding of a substrate to the P450, thus changing the number of
residues within 5 A of the bound ligand (Scott et al., 2004). Thus, the
Asp64 residue may not be involved directly in substrate binding, but
binding to the substrate may propagate a change in the heme or the
active site residues. The alignment of amino acid sequences shown in
Fig. 8A indicates that the Asp64 residue is located in a conserved
region of the P450 2 family. The amino acid sequence GPVFT is
shared among many members of the 2 family. Alignment studies show
that Pro64 is highly conserved in all members of the 2 family, with the
exception of CYP2B6 and 2D6, where Pro is replaced by Asp.
Molecular dynamics simulations from our laboratory on CYP2B1
using the program Caver (Zhang et al., 2009) have shown that a
substrate access channel referred to as the “white” channel seems to
go past the helix A in CYP2BI1. Alignment of CYP2B1 and 2B6
shows that Asp64 is conserved between these two isoforms and that in
CYP2B6, similar to CYP2B1, Asp64 is located just after helix A.
Therefore, it is probable that Asp64 is close to substrate access
channel but may not be part of the channel itself. Because Asp64
forms a hydrogen bond with Arg59, chemical modification of Asp64
by selegiline may also perturb this potentially structurally important
intramolecular interaction and lead to loss of catalytic activity.

In conclusion, we have demonstrated that the metabolism of bu-
propion to hydroxybupropion by reconstituted CYP2B6 is inhibited in
the presence of selegiline. Selegiline also inactivated CYP2B6 7-EFC
O-deethylation activity in a mechanism-based manner, and its kinetic
parameters were determined. The potential for drug-drug interactions
identified here for treatment regimens involving bupropion thus indi-
cate that it is important that the investigation of drugs other than
selegiline for the treatment of depression in patients with Parkinson’s
disease be pursued. CYP2B6 metabolizes selegiline metabolites, in-
cluding desmethylselegiline, methamphetamine, and amphetamine,
and the inactivation of CYP2B6 by selegiline is attributed to gener-
ation of a reactive intermediate that is consistent with the mass of
selegiline plus two oxygen atoms. Additional studies using site-
directed mutagenesis will be performed to investigate the possible
mechanism for the inactivation.
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